Sertoli cells, the supportive cells in the seminiferous epithelium, orchestrate spermatogenesis by providing structural and nutritional support to germ cells. In the rat, physiological apoptosis occurs continuously to limit the size of the germ cell population to numbers that can be adequately supported. This form of germ cell death is exaggerated after testicular insults such as toxicant treatment, radiation, and heat exposure. The Fas system has been proposed as a key regulator of the activation of germ cell apoptosis. According to this model, Fas ligand (FasL) and Fas, expressed by Sertoli cells and germ cells, respectively, respond to environmental conditions and initiate germ cell death. To assess the role of the Fas system in various testicular injury models, a semiquantitative RT-PCR technique was used to evaluate the expression kinetics of both FasL and Fas after induction of massive germ cell death. Radiation exposure, which targets actively dividing germ cells, produced an up-regulation of Fas gene expression, but not FasL gene expression. However, administration of mono-(2-ethylhexyl)phthalate and 2,5-hexanedione, two widely studied Sertoli cell toxicants, resulted in up-regulated expression of both FasL and Fas. These data support the following hypotheses: 1) up-regulation of Fas is a common and critical step for initiating germ cell death in vivo; and 2) if Sertoli cells are injured, Sertoli cells up-regulate FasL to eliminate Fas-positive germ cells, which cannot be supported adequately. (Endocrinology 140: 852-858, 1999) 
S
PERMATOGENESIS is a dynamic and complex process of male germ cell proliferation and differentiation by which mature spermatozoa are produced from stem spermatogonia. Sertoli cells play a critical role in spermatogenesis by providing the physical support, nutrients, and hormonal signals necessary for successful spermatogenesis (1) . Therefore, the supporting capacity of Sertoli cells in toto is a limiting factor controlling germ cell proliferation and output.
The occurrence of spontaneous germ cell death in the mammalian testis has been recognized for many years (2) (3) (4) . In the case of adult rat testis, a large proportion of type A 2 , A 3 , and A 4 spermatogonia normally degenerate (5) . This form of germ cell death has been studied in detail and is known to be apoptosis (2, 6) , a regulated and controlled cell death process with distinct morphological and biochemical characteristics. Enhanced germ cell death occurs after various testicular injuries, including toxicant exposure, alterations of hormonal support, heat exposure, radiation, or treatment with chemotherapeutic compounds (7) (8) (9) (10) . In both spontaneous and injury-associated germ cell death, apoptosis appears to be the major pathway of cell death (6, 11) .
Recent studies have provided some clues for understanding the underlying molecular mechanisms governing germ cell death in the testis. For example, bcl-2 transgenic mice, in which a human bcl-2 transgene, an antiapoptotic gene, is overexpressed in spermatogonia, have overpopulated spermatogonia and a decreased incidence of germ cell apoptosis (12, 13) . Targeted gene disruption of bax, a proapoptotic gene, in mice revealed hyperplasia of spermatogonia as well as massive death of early spermatocytes, suggesting baxdependent and -independent apoptosis pathways in testis (14) . In addition, the tumor suppressor p53, a regulator for both cell proliferation and apoptosis, has been shown to play a role in the testis (15) (16) (17) . Mice deficient in p53 exhibit a decreased or delayed onset of germ cell apoptosis induced after radiation exposure or experimental cryptorchidism (16, 17) .
The Fas system is a widely recognized apoptosis signal transduction pathway in which a ligand-receptor interaction triggers the cell death pathway (18, 19) . Fas (APO-1, CD95) is a transmembrane receptor protein that transmits an apoptotic signal within cells when bound by Fas ligand (FasL, CD95L) (18, 19) . The Fas system is involved in maintaining homeostasis in various systems, including maintenance of peripheral T and B cell tolerance, cell-mediated cytotoxicity, and control of immune-privileged sites (19) . The Fas system in the testis has been identified as one paracrine signaling system by which Sertoli cells, expressing FasL, can initiate killing of Fas-expressing germ cells (7) . The Fas system model is particularly interesting because it involves an intimate paracrine interaction between Sertoli cells and germ cells during spermatogenesis. For the study of highly interrelated testicular functions, cell type-specific testicular toxicant model systems have been valuable tools, because one can determine the consequences of a perturbation directed to a single cell type. Various testicular toxicants are known that target only germ cells or only Sertoli cells in a very specific manner (20 -22) . Radiation exposure primarily targets actively dividing germ cells and acutely increases the incidence of germ cell death, without causing any detectable damage to Sertoli cells (11, 16) . One the other hand, both mono-(2-ethylhexyl)phthalate (MEHP) and 2,5-hexanedione (2,5-HD) exposure selectively produce Sertoli cell dysfunction, which subsequently results in massive germ cell loss (23, 24) .
In this study, involvement of the Fas system in germ cell apoptosis was tested using various testicular injury models, including germ cell-and Sertoli cell-specific toxicants. We show that the Fas system is activated during germ cell apoptosis after testicular injury and that Fas and FasL are differentially up-regulated depending upon the target cell of the injury.
Materials and Methods Animals
LBNF 1 rats (Harlan-Sprague Dawley, Indianapolis, IN) were used for the radiation exposure, and Fischer rats (Charles River Laboratories, Inc., Wilmington, MA) were used for MEHP and 2,5-HD treatments, because these are the strains used historically for these injury models (7, 25) . C57BL/6 (B6) mice (The Jackson Laboratory, Bar Harbor, ME) were used in all mouse experiments. Animals were given water and chow (Pro-Lab rat, mouse and hamster chow no. 3000, Farmer's Exchange, Framingham, MA) ad libitum. The animal room climate was kept at a constant temperature (68 -72 F) at 35-70% humidity with a 12-h alternating light-dark cycle.
Experimental protocol
Three different treatments were performed to study testicular germ cell apoptosis in the rat. Radiation exposure was performed as described by Kangasniemi et al. (25) . Adult LBNF 1 rats (10 weeks old) were irradiated with 3.5 Gy and killed at 0, 3, 6, or 12 h. MEHP (TCI America, Portland, OR) treatment was performed as described previously (23) . Fischer rats (28 days old) received a single dose of MEHP (2 g/kg BW) in corn oil by gavage. After 0, 3, 6, or 12 h, testes were removed and processed for frozen sections and isolation of RNA. 2,5-HD treatment was performed as described by Blanchard et al. (24) . Adult Fischer rats weighing between 150 g and 175 g were treated with 1% 2,5-HD (Aldrich Chemical Co., Inc., Milwaukee, WI) in the drinking water for 5 weeks. At various times after initiating exposure (0, 2, 4, 5, 7, and 13 weeks), rats were killed to obtain testes for frozen sections and isolation of RNA.
Two different treatments were performed to study testicular germ cell apoptosis in the mouse. Radiation exposure was performed as described by Hasegawa et al. (11) . Adult C57BL/6 mice were irradiated with 5. 0 Gy and killed at 0, 6, or 12 h. For heat exposure (7), mice (4 -6 weeks old) were anesthetized with sodium pentobarbital (40 mg/kg BW; Abbott Laboratories, North Chicago, IL), and their scrotal testes were immersed in a water bath (44 Ϯ 0.5 C) for 15 min. Six or 12 h after immersion, mice were killed, and their testes were removed. For all treatments, at least three animals per time point were used.
Terminal deoxynucleotide transferase-mediated deoxy-UTP nick end labeling (TUNEL)
For TUNEL staining (26) to detect fragmentation of DNA, the standard protocol for frozen sections was followed (ApopTag, Oncor, Gaithersburg, MD). Frozen cross-sections (8 m) from testes were prepared, fixed in 10% neutral buffered Formalin for 10 min at room temperature, rinsed in PBS, postfixed in acetone for 5 min at Ϫ20 C, and then incubated in 2% H 2 O 2 for 15 min to quench endogenous peroxidases. To quantitate the incidence of apoptosis at each time point, the number of TUNEL-positive cells within a seminiferous tubule cross-section was counted. All TUNEL-positive cells within the seminiferous epithelium were considered as germ cells. The data were represented as the percentage of seminiferous tubules containing more than three apoptotic cells of the total number of seminiferous tubules counted in a crosssection. In control rat testis, the percentage of tubules with more than three TUNEL-positive cells is less than 5%, so that an increase in apoptosis is easily determined using this counting approach. For all experiments, about 300 -400 essentially round tubules were counted per time point.
Quantitative RT-PCR
Total RNA was isolated from tissues using Tri-Reagent (Molecular Research Center, Inc., Cincinnati, OH). First strand complementary DNA was made using 1-5 g total RNA in the presence of Superscript II reverse transcriptase (Life Technologies, Grand Island, NY) and random primer. After the RT reaction, 1 l of the incubation mixture was used as a template for the subsequent PCR reaction. Several primer sets were used to obtain PCR products of FasL, Fas and ␤-actin: rat FasL, 5Ј-GGAATGGGAAGA-CACATATGGAACTGC-3Ј and 5Ј-CATATCTGGCCAGTAGTGCAGTA-ATTC-3Ј; rat and mouse FasL, 5Ј-ACTC(A/T)CGGAGTTCTGCCAG(C/ T)TCCTT-3Ј and 5Ј-ATGCAGCAGCCC(A/T/G)T(C/G)AATTACCCAT-3Ј; rat Fas, 5Ј-CTGTGGATCATGGCTGTCCTGCCT-3Ј and 5Ј-CTCC-AGACTTTGTCCTTCATTTTC-3Ј mouse Fas, 5Ј-GAGAATTGCTGAAG-ACATGACAATCC-3Ј; and 5Ј-GTAGTTTTCACTCCAGACATTGTCC-3Ј; rat and mouse ␤-actin, 5Ј-AGGCATCCTGACCCTGAAGTAC-3Ј and 5Ј-TCTTCATGAGGTAGTCTGTCAG-3Ј.
All PCR products were verified by restriction enzyme analysis. For semiquantitative analysis, ␤-actin, as an internal control, was coamplified with FasL or Fas messenger RNA (mRNA) by using ␤-actin primers (0.1-0.2 m) and FasL/Fas primers (1 m). PCR products were collected between 25-40 cycles, and the exponential increase in PCR products was confirmed. All PCR reactions were performed for 35 cycles with an annealing temperature of 55-65 C in 1.5 mm MgCl 2 .
Results

Up-regulation of Fas after x-ray irradiation
Radiation exposure, a widely recognized germ cell-specific toxicant, was chosen to determine the correlation between apoptosis and Fas system induction in the rat testis, as a previous study showed that radiation exposure in mice induced dose-dependent germ cell death (11) . First, apoptosis as the mechanism of radiation-induced germ cell loss in the rat was evaluated using the in situ TUNEL technique (Fig.  1) . A marked increase in the incidence of TUNEL-positive cells was observed in sections from testes 12 h after radiation (Figs. 1B and 2A) . The expression levels of FasL and Fas mRNA during this time course were determined by semiquantitative RT-PCR. Fas mRNA up-regulation was prominent 6 and 12 h after radiation; however, FasL expression was not changed throughout this time course (Fig. 2B) .
Up-regulation of FasL and Fas after treatment with MEHP and 2,5-HD
Exposure to MEHP, a Sertoli cell-specific toxicant in rat testis, induced massive germ cell apoptosis after 12 h of exposure, associated with up-regulation of both the FasL and Fas genes (7, 23) . Using the TUNEL technique, the time course of MEHP-induced germ cell apoptosis was examined in greater detail. A significant increase in the incidence of TUNEL-positive cells was observed in sections from testes 6 h after MEHP exposure, with massive germ cell apoptosis observed 12 h after exposure (Fig. 3A) . Semiquantitative RT-PCR was performed to evaluate the expression level of FasL and Fas mRNA resulting from 0, 3, 6, and 12 h of MEHP exposure (Fig. 3B) . Up-regulation of Fas was evident at 6 h, with a further increase evident at 12 h, reflecting the incidence of germ cell apoptosis (Figs. 3, A and B) . However, FasL expression peaked at 6 h and declined at 12 h, yet remained significantly higher than the control value (Fig. 3B) .
To determine whether up-regulation of FasL after MEHP was a general phenomenon after Sertoli cell injury, 2,5-HD exposure was evaluated as another model of Sertoli cellspecific testicular injury. By 4 weeks after the start of exposure, the incidence of germ cell apoptosis increased slightly; however, apoptosis was dramatically increased after 5 weeks of exposure (Fig. 3A) (24) . FasL expression was clearly induced after 4 weeks of exposure, and increased Fas expression was evident by 5 weeks (Fig. 3B) . The expression level of both genes remained high at later time points.
Differential up-regulation kinetics of the Fas system in various testicular injury models
The up-regulation of Fas after injury in all three rat exposure models and the absence of FasL up-regulation in the radiation model prompted us to examine additional testicular injury models, including the evaluation of different species. Semiquantitative RT-PCR analysis was performed in all model systems to evaluate changes in the expression level of FasL or Fas mRNA after testicular injuries. The time-dependent increase in germ cell apoptosis after radiation exposure or heat exposure in the mouse has been characterized previously in our laboratories (7, 11) . Testes obtained from these experiments were used to isolate RNA. In agreement with the rat data, up-regulation of Fas, but not FasL, mRNA was observed in mice exposed to radiation (Fig. 4A) . A similar response was observed after heat exposure in the mouse (Fig.  4B) . The expression level of Fas and FasL mRNA was also evaluated in the Hsp 70 -2 knockout mouse, in which massive death of spermatocytes occurs due to the failure of meiosis (27) . Unlike the wild-type level of Fas expression in liver, where no abnormalities were observed, testicular expression of Fas in the Hsp 70 -2 knockout mouse was elevated compared with that in the wild-type and heterozygote. Interestingly, FasL expression in the mutant mouse was similar to that in the wild-type mouse.
In summary, Fas induction was observed in all model systems in which massive germ cell death occurred; however, FasL induction was only evident after exposure to the Sertoli cell toxicants MEHP and 2,5-HD (results summarized in Table 1 ).
Discussion
In this study, the role of the Fas-mediated cell death pathway in various testicular injury models was assessed. First, by examining their time course of induction in three different rat testicular injury models, the expression of Sertoli cell derived-FasL and germ cell derived-Fas was characterized. After radiation exposure, up-regulation of the Fas gene, but not the FasL gene, was observed; however, after exposure to MEHP and 2,5-HD, up-regulation of both FasL and Fas genes was evident. Second, we extended our analysis of the differential expression kinetics of the Fas system by examining additional testicular apoptosis models.
Radiation exposure, a well characterized germ cell injury model, primarily causes DNA damage, leading to either growth arrest or apoptosis (11) . In the testis, it has been reported that germ cells, in particular actively dividing spermatogonia, are the main target cells (11, 28, 29) . Direct damage to Sertoli cells caused by radiation exposure has not been reported (11, 25) . After testicular exposure to 3.5 Gy, upregulation of Fas was seen as early as 6 h, corresponding with an increasing incidence of apoptosis. In contrast, FasL expression was not changed after radiation exposure, a model in which no Sertoli cell injury is expected.
MEHP and 2,5-HD are two of the best characterized Sertoli cell toxicants (20, (22) (23) (24) . After MEHP exposure, Sertoli cell vacuolization and disorganization of vimentin filaments occurs as early as 3 h after exposure, followed by massive germ cell loss by 12 h (23). However, Sertoli cell vacuolization, decreased seminiferous tubule fluid formation, and disorganization of microtubules occur after 3 weeks of 2,5-HD exposure followed by massive germ cell apoptosis at 5 weeks (30 -33) . As the modes of action and times of onset of Sertoli cell injury after MEHP and 2,5-HD exposure differ, the upregulation of both FasL and Fas in these models is best interpreted as a consequence of Sertoli cell injury rather than as a compound-specific effect. This differential expression pattern of FasL was further confirmed by examining two additional model systems, radiation and heat exposure in the mouse.
Up-regulation of Fas, well correlated with the increased incidence of germ cell apoptosis in all model systems tested, suggests that Fas activation is a universal check point for germ cell viability in the testis. Apparently, the multiple sources of cellular injury in the testis lead to increased Fas expression and, thus, increased Fas may serve as a marker for the injured cells (34) . This mechanism would ensure rapid elimination of the injured cells, which may be beneficial for the remaining germ cells.
It is intriguing that up-regulation of FasL after MEHP and 2,5-HD exposure preceded the massive germ cell apoptosis.
The highest FasL expression was detected 6 h after MEHP exposure, when the incidence of germ cell apoptosis was not yet maximal. Similarly, FasL expression was increased 4 weeks after 2,5-HD exposure, which preceded massive germ cell death at 5 weeks. An early onset of FasL up-regulation after exposure to Sertoli cell toxicants raises the interesting possibility that transcriptional activation of the FasL gene is a molecular sensor that monitors the normal function of the Sertoli cells. Further investigation is required to understand the transcriptional regulation of the FasL gene in the setting of Sertoli cell dysfunction.
Previously, we have proposed the Fas system as a key regulator of the activation of germ cell apoptosis in normal and injury-associated conditions (7) . The evidence for this model of paracrine death signaling includes 1) cell typespecific expression of FasL and Fas in testis, 2) increased survival of germ cells after antisense oligonucleotide disruption of FasL expression in Sertoli-germ cell cocultures, and 3) triggering of germ cell apoptosis by an anti-Fas antibody, which is known to initiate the death cascade (7) . The present study expands on these initial findings by examining both germ cell-and Sertoli cell-specific testicular injuries. Our results are summarized as follows: 1) Fas expression is up-regulated after any treatment which induces massive germ cell apoptosis; and 2) the Fas system is differentially regulated in the testis depending on the cell population targeted for injury. Taken together, these data have led to the development of a working model in which the Fas system actively controls the equilibrium between the supporting capacity of Sertoli cells and the number of germ cells in the testis (Fig. 5) . We hypothesize that in the normal state, Sertoli cells express a basal level of FasL, which triggers apoptosis of a few Fas-positive germ cells. If germ cells, but not Sertoli cells, are injured, only affected germ cells are eliminated by the up-regulated expression of Fas. In contrast, after Sertoli cell injury, the supporting capacity of Sertoli cells is reduced and, as a result, germ cells cannot be supported adequately. Therefore, the dysfunctional Sertoli cells increase FasL expression to facilitate the elimination of the inadequately supported germ cells that express Fas. As a result, a new equilibrium state is achieved that matches the reduced For all treatments, except Hsp70-2 mice, at least three animals per time point were evaluated. To minimize potential PCR variations between rat and mouse, semiquantitative RT-PCR analysis was performed by using PCR primers specific for both species in radiation exposure.
a Wild-type, heterozygote, and homozygote Hsp70-2 knockout mice (one each) were analyzed. The relative expression levels of FasL and Fas were determined by semiquantitative RT-PCR using total RNA isolated from testis and liver of each animal. Only the testicular expression level of Fas in the Hsp70-2 knockout mice was elevated; no difference in FasL expression was found in these animals.
FIG. 4.
Semiquantitative RT-PCR of testicular FasL and Fas mRNA after radiation exposure (A) and heat exposure (B) in the mouse. Note that increased expression of Fas, but not FasL, mRNA is seen after both radiation and heat exposure. Both radiation and heat exposure result in a time-dependent induction of germ cell apoptosis (7, 11) . ␤-Actin was used as an internal control.
supportive capacity of the dysfunctional Sertoli cells with fewer germ cells.
Spermatogenesis is a contextual process that depends upon close communication between Sertoli cells and germ cells. Many Sertoli cell functions are devoted to the maintenance of germ cells; therefore, Sertoli cells have been considered as "mother-like" cells in the seminiferous epithelium. Our data may provide the first clue that Sertoli cells actively kill germ cells, revealing a novel aspect of paracrine control between Sertoli cells and germ cells. Given the critical role of Sertoli cells in maintaining germ cell viability, it is not surprising that this death-delivering process ensures testicular homeostasis by rapid elimination of unnecessary or ill-supported germ cells.
Our working model suggests that the differential up-regulation kinetics of the Fas system can be useful in predicting the cell type-specific toxicity of toxicants. Up-regulation of the FasL gene after testicular exposure may be a useful and novel marker to identify a Sertoli cell toxicant. If a toxicant induces up-regulation of FasL, followed by massive germ cell loss, it is likely that the toxicant alters the function of the Sertoli cell. The identification of the target cell of a toxicant is an important step in understanding the underlying mechanisms of toxicant action (20) . Only a few testicular toxicants are clearly assigned to a target cell; the cellular targets of many toxicants must still be clarified (21, 22) . For example, testicular hyperthermia causes no obvious alterations of Sertoli cells before massive germ cell loss, yet not enough data have been accumulated to exclude the possibility of Sertoli cell injury (21) . In this respect, the absence of FasL induction after heat exposure reported here provides additional evidence of germ cell-directed toxicity of heat exposure.
In summary, the present study demonstrates a pathway responsible for germ cell death and complex paracrine control between Sertoli cells and germ cells, which is mediated by the FasL-Fas interaction. Testicular germ cell apoptosis is a fundamental and complex process required for testicular homeostasis during spermatogenesis. Further efforts are required for a more complete understanding of the underlying molecular mechanisms governing this process.
